Factor XI deficiency is associated with a bleeding diathesis but factor XII deficiency is not, indicating that, in normal hemostasis, factor XI must be activated in vivo by a protease other than factor XIIa. Several groups have identified thrombin as the most likely activator of factor XI, although this reaction is slow in solution. While certain non-physiologic anionic polymers and surfaces have been shown to enhance factor XI activation by thrombin, the physiologic cofactor for this reaction is uncertain. Activated platelets secrete the highly anionic polymer, polyphosphate, and our previous studies have shown that polyphosphate has potent procoagulant activity. We now report that polyphosphate potently accelerates factor XI activation by α -thrombin, β -thrombin and factor XIa, and that these reactions are supported by polyphosphate polymers of the size secreted by activated human platelets. We therefore propose that polyphosphate is a natural cofactor for factor XI activation in plasma, which may help explain the role of factor XI in hemostasis and thrombosis.
Introduction
In the original cascade/waterfall model of coagulation, 1 factor XI (FXI) is activated by factor XIIa (FXIIa), a member of the contact pathway of blood clotting. Patients with severe FXI deficiency may exhibit bleeding tendencies, 2,3 especially postoperative or posttraumatic bleeding in tissues with robust fibrinolytic activity. [4] [5] [6] On the other hand, individuals with severe deficiencies in FXII, high-molecular-weight kininogen (HK) or prekallikrein do not exhibit bleeding diatheses at all, indicating that the proteins responsible for triggering the classical contact pathway of blood clotting are completely dispensable for hemostasis. 7 Thus, in normal
For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From 3 hemostasis, FXI must be activated in vivo by a protease other than FXIIa. A solution to this conundrum was proposed in 1991 by Naito and Fujikawa 8 and by Gailani and Broze 9 who reported that thrombin up-regulates its own generation by feeding back to activate FXI, leading
to a "revised model of coagulation." [9] [10] [11] More recently, Matafonov et al. 12 identified that β -thrombin and γ -thrombin, proteolyzed derivatives of α -thrombin, can also activate FXI in plasma.
The proposal that FXI activation by thrombin plays a significant role in blood clotting in vivo is somewhat controversial. [13] [14] [15] In solution, the rates both of FXI activation by thrombin and of FXI autoactivation are slow but are markedly enhanced in the presence of polyanions, 8, 9, 16, 17 although most studies have employed nonphysiologic cofactors such as dextran sulfate or high concentrations of sulfatides. The relevant physiologic cofactors for FXI activation by thrombin in plasma, if any, have yet to be definitely determined.
Polyphosphate (polyP) -a linear polymer of inorganic phosphate residues -accumulates in a variety of microorganisms 18 and is secreted by activated human platelets. 19 We recently showed that polyP is a potent modulator of the human blood clotting system, acting at 3 points in the clotting cascade: It initiates the contact pathway of blood clotting in a FXII-dependent manner (requiring very long polyP polymers for optimal activity); [20] [21] [22] it accelerates the activation of factor V (FV) by thrombin and factor Xa (FXa); 20 and it enhances the thickness of fibrin fibrils.
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In the present study, we demonstrate that polyP potently accelerates FXI activation by α -thrombin, β -thrombin and FXIa. Using carefully defined polymer lengths, we report that polyP polymers of the size secreted by activated human platelets are very active in stimulating FXI activation by thrombin in both a purified system and in plasma. We further report that activated
For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From 4 platelets and platelet releasates promote FXI activation by thrombin. Together, these findings indicate that polyP is a potent natural cofactor for FXI activation by thrombin, which may help explain the role of FXI in normal hemostasis.
Methods

Materials
PolyP preparations of narrow size distribution were prepared as previously described, 21 and are indicated in this study by their polymer length followed by "mer" (e.g., 167mer). A heterogeneous polyP preparation comprising 20 to 300mers was biotinylated on terminal phosphates using amine-PEG 2 -biotin from Pierce (Rockford, IL) as described. 24 Note that all polyP concentrations are reported in this study in terms of phosphate monomer concentration (monomer formula: NaPO 3 ), except for Figure 3D which reports polyP polymer concentrations. EcPPXc, the recombinant polyP-binding domain of Escherichia coli exopolyphosphatase fused to maltose-binding protein and a His 6 tag, was produced as described. 25 
Recombinant
Saccharomyces cerevisiae exopolyphosphatase fused to a His 6 tag (rPPX1) was produced as described.
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Preparation of stimulated platelet suspensions and platelet releasates Activated platelets and platelet releasates were prepared as follows: Fresh whole blood from normal, non-smoking donors not on medication was collected into 3.2% sodium citrate, 2 μM In some experiments, FXI activation was analyzed in the suspension of activated platelets, while in other experiments FXI activation was analyzed using platelet releasates. To obtain cell-free releasate, activated platelets were pelleted by centrifugation at 2000 x g for 10 minutes, after which the supernatant was collected and re- 
FXIa autolysis
6 nM FXIa was incubated with polyP preparations of varying polymer lengths (whose concentrations were adjusted to yield 3 nM polymer) at 37°C in 30 mM Hepes (pH 7.4), 50 mM NaCl, and 0.1% BSA. Timed samples (0-2 minutes) were diluted and quenched with polybrene (6 μg/mL final), and the residual FXIa concentration was determined by quantifying the rate of L-2145 hydrolysis compared to a standard curve.
Surface plasmon resonance (SPR) analyses
SPR binding studies were performed at 25°C using a Biacore 3000 instrument (Biacore, Columbia, MD). Streptavidin was bound to CM5 sensorchips by standard amine coupling; after blocking and washing, biotinylated polyP was captured on the surface. Varying concentrations of α -thrombin, β-thrombin, FXI, or FXIa in 50 mM Tris-HCl (pH 7.4), 50 mM NaCl, and 0.005% surfactant P20 were flowed over the surface at 50 μL/min using a 2 minute association phase and 5 minute dissociation phase, with background subtraction using a streptavidin-coated reference cell without polyP. 
Plasma clotting assay
Clotting times of citrated human plasma were quantified at 37°C using a STart4 coagulometer (Diagnostica Stago, France). Prewarmed polyP in HBA (25 mM Hepes, pH 7.4, 1% BSA) was mixed in coagulometer cuvettes with prewarmed FXI-or FXII-deficient plasma to which CTI (100 μg/mL) and PCPSPE (60 μM) had previously been added. β-thrombin in HBA was then immediately added and the mixture was incubated for 1 min at 37°C, after which clotting was 
Thrombin generation assay
Thrombin generation in human plasma was quantified at 37°C using a Calibrated Automated Thrombogram (CAT) system employing Thrombinoscope software (Diagnostica Stago, France).
Prewarmed polyP in HBA in microplate wells was mixed with prewarmed FXI-or FXIIdeficient plasma to which CTI (100 μg/mL), FVa (20 nM), and PCPSPE (30 μM) had previously been added. The FluCa reagent (containing CaCl 2 and the thrombin fluorogenic substrate) was then added and thrombin generation profiles were collected. Final concentrations included 67% plasma, 20 µM PCPSPE, 13 nM FVa, 67 μg/mL CTI, 0-50 µM polyP, 8.33 mM Hepes (pH 7.4), 0.17% BSA, and 20 nM β-thrombin. For some control experiments, anti-FXI antibody (1 μg/mL) was preincubated with FXII-deficient plasma at 37°C for 30 minutes prior to use. For others, 5 μg/mL FXI was added to FXI-deficient plasma immediately after the FXI had been preincubated (at 500 μg/mL FXI in 25 mM Hepes pH 7.5) for 30 minutes with 0.5 mM PMSF to abolish any contaminating FXIa activity. As an additional control, 50 pM FXIa was added to FXI-deficient For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From plasma and the rate of thrombin generation was measured. In some samples, polyP was digested with 40 μg/mL rPPX1 for 1 hour at 37°C, or pre-incubated with 250 μg/mL EcPPXc, prior to thrombin generation assays.
Results
PolyP enhances FXI activation by thrombin
Previous studies have shown that FXI activation by thrombin is greatly accelerated in the presence of nonphysiologic polyanions such as dextran sulfate. 8, 9 We hypothesized that the highly anionic polymer, polyP, may serve as a physiologic cofactor for this reaction. show that polyP preparations with polymer lengths >50 phosphate units significantly enhanced FXI activation by thrombin, with optimal rates observed with polymers that were 100mers or 1 0
longer. We then compared the cofactor activity of polyP versus dextran sulfate and found that FXI activation by α -thrombin in the presence of 4 μM polyP (255mer) was significantly greater than that obtained in the presence of 1 μg/mL dextran sulfate ( Figure 1C ). The isolated polyPbinding domain of E. coli exopolyphosphatase (EcPPXc) has previously been utilized as a specific probe for localizing polyP in yeast cell walls, 25,29 so we examined its ability to specifically inhibit the cofactor function of polyP. The inclusion of 30 μg/mL EcPPXc profoundly inhibited FXI activation by α -thrombin in the presence of polyP, but had no effect on FXI activation by α -thrombin in the presence of dextran sulfate ( Figure 1C ).
Activated platelets and platelet releasates enhance FXI activation
Activated human platelets secrete polyP with polymer lengths about 60 to 100 phosphates long, 19, 22 which is in the size range that we found in Figure 1B would enhance FXI activation by α -thrombin. We therefore hypothesized that polyP secreted from activated platelets should serve as a cofactor for FXI activation by thrombin. Releasates from activated platelets markedly accelerated the rate of FXI activation in the presence of 5, 10, or 20 nM α -thrombin ( Figure 2A ).
In addition to polyP, activated platelets release a host of granule contents including many proteins, so we sought to determine the contribution of polyP to the ability of the platelet releasate to accelerate thrombin-mediated FXI activation. Boiling will denature almost all proteins, while purified polyP's cofactor activity is unaffected by boiling (not shown), so we examined whether this cofactor effect in platelet releasates survived boiling. Figure 2A shows that boiled platelet releasates augmented thrombin-mediated FXI activation slightly better than non-boiled releasates. This increase in cofactor function may be because boiling denatures proteins in platelet releasates that might compete with thrombin and FXI for binding to polyP.
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On the other hand, treatment of platelet releasates with EcPPXc, or digestion of releasates with recombinant exopolyphosphatase (rPPX1), abolished their ability to enhance FXI activation (Figure 2A) , consistent with the idea that polyP secreted from activated platelets is the augmenting cofactor for FXI activation by α -thrombin.
We also investigated the effect of whole stimulated platelets (i.e., activated platelets plus their releasate) in supporting FXI activation by 20 nM α -thrombin. We found that whole activated platelets in suspension also strongly enhanced FXI activation by α -thrombin, although not quite as strongly as platelet releasate alone ( Figure 2B ). This reduction in FXI activation rate might be explained by thrombin, FXI and/or FXIa binding to the surface of activated platelets and therefore being less available for interaction with polyP. 30 Nevertheless, our results demonstrate that suspensions of stimulated whole platelets efficiently promote FXI activation by thrombin. In a control experiment, incubating EcPPXc with activated platelets or releasate decreased the rate of thrombin-mediated FXI activation to approximately the same baseline rate of FX activation seen with thrombin but without platelets or releasate ( Figure 2B ). Furthermore, without added thrombin, very low rates of FXI were observed in the presence of platelets or releasates ( Figure 2B ).
PolyP accelerates FXI autoactivation and FXIa autolysis
In the experiments in Figure 1 , we observed essentially linear initial rates of FXI activation in the presence of polyP when we included 5 nM α -thrombin as the FXI activator; however, in the absence of thrombin but in the presence of polyP, we observed sigmoidal progress curves for FXIa generation, with a substantial lag phase before FXIa was detectable ( Figure 3A ). This behavior is typical of FXI autoactivation (i.e., FXIa-mediated FXI activation), which has been observed when purified FXI is incubated at appropriate concentrations with a variety of (typically non-physiologic) anionic polymers. 8, 9, 17 The experiment in Figure 3A shows that polyP (77mer or 255mer) supported more robust autoactivation of 60 nM FXI than did an optimal concentration of dextran sulfate.
It is possible that FXI activation by thrombin in the presence of polyP actually consists of direct FXI activation by thrombin, plus FXI autoactivation once significant amounts of FXIa are generated. Therefore, we systematically examined the ability of polyP to enhance the rate of FXI autoactivation (i.e., FXI activation without thrombin), and determined the second-order rate constants for this reaction as a function of polyP polymer length. The results ( Figure 3B ) show that polyP polymers longer than 100mers maximally enhanced FXI autoactivation, while polymers in the range of 60-100 phosphate units long supported FXI autoactivation but at a slower rate. FXI autoactivation was not detectable with polyP polymers shorter than 60mers or in the absence of polyP.
Parallel samples from the FXI autoactivation reaction in Figure 3A were visualized on silver-stained SDS-PAGE ( Figure 3C) , showing that the 80 kDa FXI zymogen was converted to the 50 and 30 kDa heavy and light chains of FXIa, as expected. 8, 9, 16 This experiment underscores that polyP (77mer or 255mer) supported much more rapid FXI autoactivation than did dextran sulfate ( Figure 3C ). 
PolyP can accelerate clotting of plasma, and enhance thrombin generation in plasma, in a thrombin-and FXI-dependent manner
Although multiple studies have reported the activation of FXI by thrombin using purified proteins, [8] [9] [10] [11] [12] some have questioned whether this reaction can proceed to any significant extent in plasma. [13] [14] [15] We therefore examined whether polyP could accelerate the clotting of plasma in a thrombin-and factor XI-dependent manner. To eliminate interference from the activation of FXI by FXIIa, we used FXII-deficient plasma and also added CTI to inhibit any remaining traces of FXIIa that might be generated. Also, since our previous studies had shown that polyP accelerates
the conversion of FV to FVa, which itself can alter the kinetics of thrombin generation, 20 we supplemented the FXII-deficient plasma with 20 nM FVa, in order to eliminate any contribution of polyP-mediated FV activation to thrombin generation. (FVa was not added to clotting assays performed with a mechanical coagulometer, as pilot studies indicated no impact of added FVa on clot times; data not shown.) And finally, because α -thrombin will promptly clot fibrinogen on its own (obfuscating any effects on FXI activation), we added β-thrombin to the FXII-deficient plasma, since β-thrombin has greatly diminished ability to clot fibrinogen but retains the ability to activate FXI. 12 We performed clotting assays (in a coagulometer) using citrated FXII-deficient plasma containing CTI, to which we added β-thrombin and polyP, and then measured the time to clot formation following addition of CaCl 2 . Figure 5A shows that adding 22mer polyP preparations to such clotting assays does not alter the clotting time, while adding longer polyP polymers (65mer, 101mer, 211mer or 445mer) shortened the clotting times in a concentration-dependent manner. (In control experiments without β-thrombin, the clotting times were all >500 seconds; not shown.) FXI-deficient plasma (also containing CTI) exhibited prolonged clotting times in this assay, and the clotting times were essentially unaffected by the presence of polyP 445mer
( Figure 5A ). These results show that polyP shortens the β-thrombin clotting time of plasma in a manner that is dependent on FXI but independent of FXII. This is consistent with the notion that thrombin activates FXI in plasma in a polyP-mediated manner.
We also used the CAT system to examine the ability of polyP to enhance thrombinmediated thrombin generation in plasma. Figure 5B shows mean thrombin generation profiles in FXII-deficient plasma to which 20 nM β-thrombin was added together with polyP (101mer).
Increasing concentrations of polyP (up to 50 μM) yielded increased thrombin bursts, while
For personal use only. on November 16, 2017. by guest www.bloodjournal.org From 1 5 essentially no thrombin generation was observed in the presence of polyP but in the absence of β-thrombin (not shown). In Figure 5C , we examined the ability of 50 μM polyP of varying polymer lengths to enhance thrombin generation, and found that polyP caused increased thrombin generation in a polymer size-dependent manner. Figure 5D summarizes the mean peak thrombin levels generated in experiments described in Figure 5B and C, showing that peak thrombin levels increased with polyP concentration (for the 101mer), and also showing the peak thrombin levels at 50 μM polyP for the 65mer and 445mer polymers. Furthermore, treatment of polyP 445mer with either EcPPXc or rPPX1 abrogated thrombin generation ( Figure 5D ). Figure   5E shows that adding a blocking antibody to FXI abolished polyP-mediated thrombin generation in FXII-deficient plasma. Also, there was no observable polyP-mediated thrombin generation in FXI-deficient plasma ( Figure 5F ), although this was restored when purified FXI was added back to the FXI-deficient plasma ( Figure 5G ). Lastly, polyP did not enhance thrombin generation in FXI-deficient plasma to which FXIa was added ( Figure 5H ).
Discussion
Deficiencies of FXII, prekallikrein or high MW kininogen are not associated with bleeding tendencies, while individuals with severe FXI deficiency can exhibit mild to moderate bleeding diatheses, most particularly injury-induced bleeding in tissues with high fibrinolytic activity.
This has led to the proposal that the primary role of FXI is not to participate in the initiation of blood coagulation, but to further thrombin generation, possibly for activation of thrombinactivatable fibrinolysis inhibitor (TAFI) to protect and consolidate the clot.
32-34 A body of work supports a model in which FXI is activated by thrombin, a process that is accelerated by anionic molecules and surfaces. Furthermore, previous studies have shown that FXI activation by 1 6 thrombin is enhanced in the presence of activated platelets. Using purified proteins, we found that polyP polymers of the sizes secreted by platelets (60-100mers)-and larger-potently accelerated FXI activation by α -thrombin, possibly by a template mechanism, with polyP being more active than the nonphysiologic polyanion, dextran sulfate. We also showed that polyP-mediated FXI activation by α -thrombin was specifically abrogated by EcPPXc, the isolated polyP-binding domain of E. coli exopolyphosphatase,
indicating that this recombinant protein may be used to interrupt the procoagulant activity of polyP. Consistent with reports of anionic polymers accelerating FXI autoactivation 8, 17 and autolysis, 9 we found that polyP polymers >50 phosphate units long strongly enhanced FXI autoactivation. These results suggest that the combination of thrombin and polyP in plasma could result in the generation of additional thrombin through a combination of polyP-mediated FXI activation by thrombin and polyP-mediated FXI autoactivation.
Oliver et al. 37 demonstrated that FXII-independent activation of FXI by thrombin was augmented in the presence of activated platelets while Wielders et al. 36 showed that thrombin initiates and augments FXI-dependent thrombin generation in platelet-rich plasma. To date, however, the platelet-derived cofactor for FXI activation by thrombin, and the underlying mechanism, has not been well defined. In this study, we showed that platelet releasates enhanced FXI activation by α -thrombin, an activity that was not diminished by boiling (to denature potentially confounding proteins, including platelet-derived FXI 35 ), but that was The physiological relevance of FXI activation by thrombin in a plasma environment has been questioned. 13, 14, 38 Some criticisms include excessively diluting the plasma in FXIdependent clotting assays and inadvertent FXI activation by the contact system during blood drawing and isolation of plasma. We addressed these issues by using FXII-deficient plasma A recent report suggests that FVa can promote FXI activation by α -thrombin. 10 We did not address this question directly in the present study, but we did find that adding 20 nM FVa to FXII-deficient plasma in clotting assays initiated with β -thrombin in the presence of polyP resulted in no further shortening of clotting time compared to FXII-deficient plasma not spiked with FVa (not shown). In further studies, it will be interesting to examine whether polyP can synergize with FV or FVa to accelerate thrombin-mediated FXI activation.
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Our previous studies established that polyP acts at three points in the blood clotting cascade, while the present study adds a fourth point of action (summarized in Figure 6 ). Using carefully size-fractionated polyP preparations, 21 we previously established that polyP of the size range that accumulates in many infectious microorganisms (i.e., hundreds to thousands of phosphate units long) potently triggers the contact pathway, accelerates FV activation, and enhances fibrin polymerization ( Figure 6A ). On the other hand, shorter polyP polymers, of the size secreted by activated human platelets (i.e., 60 to 100mers) were far less potent than longchain polyP in triggering contact activation or in enhancing fibrin polymerization, while retaining full ability to promote FV activation ( Figure 6B ). 21 The present study now shows that polyP preparations of the size secreted by human platelets-as well as longer polymerspotently stimulate the activation of FXI by thrombin as well as FXI autoactivation ( Figure 6B ).
Taken together, these findings support the notion that platelet polyP primarily functions to accelerate and enhance thrombin generation, but not to trigger it. On the other hand, microbial polyP can potently trigger the blood clotting cascade via the contact pathway, together with enhancing thrombin generation and fibrin polymerization, possibly as part of the host response to pathogens.
In addition to activated platelets, various injured tissues may also release polyP, as mammalian tissues have been reported to contain polyP in sizes ranging from 50mers to 800mers, with brain containing primarily very long-chain polyP (~800mers). 39 Interestingly, a recent study described a significant reduction in the incidence of ischemic stroke in patients with severe FXI deficiency, 40 while another found that homozygous FXI knockout mice are protected against ischemic brain injury in an experimental stroke model. 41 Our demonstration that polyP is For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From
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